The aim of this research was to assess the content and composition of the pollutants emitted by domestic central heating boilers equipped with an automatic underfeed fuel delivery system for the combustion chamber. The comparative research was conducted. It concerned fuel properties, fl ue gas parameters, contents of dust (fl y ash) and gaseous substances polluting the air in the fl ue gases emitted from a domestic CH boiler burning bituminous coal, pellets from coniferous wood, cereal straw, miscanthus, and sunfl ower husks, coniferous tree bark, and oats and barley grain. The emission factors for dust and gaseous air pollutants were established as they are helpful to assess the contribution of such boilers in the atmospheric air pollution. When assessing the researched boiler, it was found out that despite the development in design and construction, fl ue gases contained fl y ash with a signifi cant EC content, which affected the air quality.
Introduction
Coal combustion encompasses a number of complicated chemical transformations, including pyrolysis, soot formation and other reactions (Chen et al. 2005) . Within the fi rst few minutes after the coal ignition, the emission level is up to 50 times higher than in the remaining part of the combustion process (Chen et al. 2005) . CO 2 , H 2 O (g) and dusts from the mineral substance contained in the fuel constitute the main combustion products. When the solid fuel combustion processes are conducted with inappropriate parameters or in inappropriate installations, products of the incomplete combustion (PICs) are formed. Combustion in an uncontrolled boiler contributes to the emissions of: fl y ash, carbon monoxide, acid aerosols, persistent organic pollutants (POPs), such as dioxins, furans (PCDD/F), polycyclic aromatic hydrocarbons (PAHs), and micro-pollutants (coming from the incomplete thermal digestion of the organic matter), such as aliphatic and aromatic hydrocarbons, alcohols, aldehydes, ketones, carboxylic acids or chlorinated aliphatic and aromatic hydrocarbons (Szewczyńska et al. 2006, Estrellan and Iino 2010) .
Solid fuel combustion in household furnaces for cooking and heating increases the PM emission and percentage of fi ne particles in the fl ue gases. The results of the research into the dust fraction composition demonstrate that over 94% of the dust particles from the coal combustion were submicron, i.e. the median of the aerodynamic diameter was below 0.3 μm (Chen et al. 2005) .
The emission factors were determined on the basis of the burnt dry ash-free (daf) coal for fl y ash formed due to hard coal combustion in household furnaces and 20 PAHs (naphthalene, acenaphthylene, acenaphthene, fl uorene, phenanthrene, anthracene, fl uoranthene, pyrene, benz [a] anthracene, chrysene + triphenylene, benzo[b + j + k]fl uoranthenes, benzo[e]pyrene, benzo [a] pyrene, perylene, indeno [1,2,3-cd] pyrene, dibenz [a,h] anthracene and benzo [ghi] perylene) are 12.91 g/kg and 211 mg/kg, respectively. The values for sub-bituminous coal and anthracite are 8 and 1.3 g dust/kg, respectively (Chen et al. 2005) . The limited contact of the gaseous and solid phases in the furnace results in the high total carbon (TC) content in the fl y ash Smith 2007, Szkarowski and Janta-Lipińska 2013) . For example, 10-30% of the emitted TC comes from typical household furnaces in China and India (IARC 2012) . The TC occurs in the emitted dust as elemental carbon or in the organic compounds. The sum of the organic (OC) and elemental carbon (EC) ranges between 1 and 10%mass in the fi ne dust particles coming from the emissions in the coal power stations (Watson et al. 2001) . The industrial boilers demonstrate much higher coal burn-out. Consequently, the emitted solid particles have lower contents of OC, EC and organic compounds. The emission factor for the fl y ash from industrial boilers may be even 100 times lower than the factor established for household furnaces (Zhang et al. 2008) .
In the air, PAHs from anthropogenic sources are present nearly always in the solid phase (Geng et al. 2014) . They are adsorbed on the surface of soot and respirable dust (aerodynamic diameter less than 10 μm) (Guo et al. 2003) .
The wood pellet combustion results in a relatively low level of the solid particle emission (Ehrlich et al. 2007 , Nussbaumer et al. 2008 , Schmidl et al. 2011 ). Nonetheless, wood combustion contributes to the increase in the concentrations of PM 2.5 , soot, PAHs, and monosaccharide anhydrides (levoglucosan and mannosan) in the air (Glasius et al. 2008) . The speciation of the C forms, in the fl ue gases from the wood combustion shows that the mean percentage of EC and OC was 23.4% and 76.6%, respectively (Schmidl et al. 2008) .
When Norwegian wood is burnt in more modern furnaces (medium fi ring), the emission factors for PM, EC and OC are 12.2, 0.88 and 9.9 g/kg fuel, respectively (Seljeckog, 2013) . Concentrations of toxic PAHs, including the carcinogenic ones, are much higher in the dust and condensate from the incomplete wood combustion than in the soot emitted from diesel engines (Nussbaumer et al. 2008) . The automatic installations for wood combustion that are well-designed and operated in a proper way provide low emissions of hydrocarbons and soot (Nussbaumer et al. 2008 , Schmidl et al. 2011 .
The research into the fl y ash with adsorbed organic compounds helps to indicate the emission sources. The analysis of the emitted primary pollutants (precursors) allows for the assessment of the secondary reaction course and fate of the organic particles during transport in the air (Simoneit 2002) .
Solid fuels are still the dominant energy source in households, which deteriorates the air quality. In Poland, approx. 50% of households use solid fuel heating devices. Annually, they use up approx. 9.2 Tg of hard coal (CSO 2012) .
Solid fuels from agricultural and forest biomass are still dominant in the segment of renewable energy sources. The biomass percentage in the energy coming from renewable energy sources was 82.4% in 2012 (CSO 2014) .
The PAH emissions must be reduced to protect the ecosystem and human health (Geng et al. 2014 ). In the Chinese countryside, approx. 40% of households use coal for cooking and heating. Emissions from the household coal combustion cause lung cancer in people (IARC 2012), respiratory system diseases and acute respiratory system infections (Zhang and Smith 2007) . The correlation between the solid fuel combustion in households and the lung cancer risk was researched by IARC (2012) in 7 European countries (Czech Republic, Hungary, Poland, Romania, Russia, Slovakia and Great Britain). In Eastern Europe, the common use of coal and ineffective wood combustion in households hinders the air quality improvement (Kiesewettera et al. 2015) . It is necessary to conduct further research into the properties of the dust emitted during fuel combustion when it comes to the risk posed to the inhabitants' health (Hitzenberger and Tursic 2008) .
The aim of this research was to assess the content and composition of the pollutants emitted by domestic central heating water boilers (CH) equipped with an automatic underfeed fuel delivery system for the combustion chamber. The fuel feeder is an improvement in the solid fuel combustion in the fi xed bed affecting the pollutant reduction. Nonetheless, its use does not fully prevent the formation of the incomplete and imperfect combustion products. The cognitive objective was to investigate the contents of inorganic carbon (carbonate one), OC and EC in the dust emitted from the furnaces fi red with bituminous coal, wood and forest and agricultural biomass fuels. Understanding the C forms in the dust emitted from the energy sources fi red with solid hydrocarbon fuels together with the research into the C carbon occurring into the atmospheric dust will contribute to a better assessment of the emission sources in the air pollution with dust in different areas.
In order to accomplish the defi ned objectives, it was necessary to use a research boiler installation (RI) with a central heating water boiler fi red with solid fuels. The boiler was not an experimental device but a product to be used in small residential houses. Using the commercial boiler provided the proper course of the fuel combustion in the fully controlled long-time measurement-research cycles.
Materials and methods
The following fuels were selected for investigation: Silesian bituminous coal with particle size of 8-24 mm (low ash and sulphur content), pellets from coniferous wood (mixture of pine and spruce), pellets from cereal straw, miscanthus (Miscanthus giganteus), sunfl ower hulls (Helianthus annuus L), and also oats (Avena L.) and barley (Hordeum L.) grains, and coniferous tree bark. The researched fuel samples were analysed for the moisture content (PN-G-04511). The ash content was determined with the gravimetric method (PN-G-04512). The contents of carbon, total hydrogen, total nitrogen and total sulphur were determined with the hightemperature detection coupled with IR detection (PN-G-04584 and PN-G-04571). The chlorine content was determined with the titration method (PN-ISO 587). The oxygen content was calculated. Additionally, the heat of combustion was determined with the calorimetric method and the heating value was calculated (PNG-04513 and PN-ISO 1928) . The analyses were conducted in accordance with the standards in force. Table 1 presents the analysis results.
The measurements were taken in the CH boiler (18-kW power, 85% effi ciency) with a retort furnace, automatic fuel feeder, forced draught fan for combustion air and 0.16-m 3 fuel storage bin. The research boiler installation was equipped with an external heat exchanger installation, sampling points for fl ue gas and fl y ash for chemical analyses and physicochemical research, and control-measurement instrument system. The fl ue gases passed through the duct into the atmospheric air without being dedusted. The measurement system included: a device for controlling and steering the boiler work process, Emiotest gravimetric dust meter, aspiration probe with internal dust fi ltration, S-type Pitot tube with Emiotest 2598 data recorder, and DX-4000 Gasmet fl ue gas analyser (O 2 , SO 2 , NO, NO 2 , CO, CO 2 , H 2 O). The applied control-measurement and analytical apparatus let the researchers continuously measure the main process parameters and the basic fl ue gas composition.
5 research series of the fuel combustion were performed during the investigation. They lasted 24 hours. The RI was not equipped with a device for the continuous measurement of the fl y ash emission. Consequently, to determine the emission factor, it was necessary to take into account the quantities measured with both continuous measurements of the main fl ue gas stream from the boiler and periodical (manual) measurements when the fl y ash was sampled from the separated side fl ue gas stream. The fl ue gas velocity was measured with determining the point dynamic pressures in the examined measurement cross-section. The measurement was carried out on the side fl ue gas stream separated from the main one. It was based on the isokinetic aspiration of the fl ue gas stream and separation of the solid samples from this stream on the fi lter. The dust mass was established with weighing the fi lter before and after the measurement. The following fi lters were applied: P-84 fi lter bags, GF/A fi lters from the borosilicate glass without binder (WHATMAN), and QM-A quartz fi lters (WHATMAN) (PN-Z-04030-07). The CO 2 , CO, H 2 O, SO 2 and NO concentrations were determined with the DX-4000 Gasmet fl ue gas analyser (PN-ISO 10396). The data was recorded in 1-minute intervals. The above-mentioned measurements were carried out with the referential methods accredited at the Polish Centre of Accreditation.
The fl y ash samples, collected onto the quartz fi lters, were analysed for the OC, EC and TC content with the thermal--optical method. The analysis was conducted with the Sunset Laboratory Inc. analyser.
The averaged sample was collected from the bottom ashes and slags in order to measure the solid residue contents coming from the combustion process. The content of the unburnt fuel in the combustion residue was determined in the sample.
Results and discussion
For the environmental assessment of the investigated CH boiler, the pollutant emission from this boiler was compared with the emission from traditional energy installations, such as coal household furnaces and energy boilers in power stations, heating stations and combined heat and power stations. The comparison concerned emissions of fl y ash, carbon monoxide, sulphur dioxide and nitrogen oxides. It did not concern carbon dioxide as in most cases forest or agricultural biomass fuels (i.e. renewable fuels) were investigated. The researchers decided to put together household devices, large-scale installations equipped with dust collection devices (utility boiler), and the circulating fl uidized bed boiler (CFB) with the desulphurization with a dry additive ( Table 2) .
In most of the tests, it was found out that the investigated boiler fi red with selected bituminous coal emitted more fl y ash than the traditional household furnaces. The application of the fuel feeder and mechanical combustion air blow in the examined boiler resulted in the fact that no optically dense fl ue gas stream was observed even though it normally accompanies traditional household furnaces after a large fuel portion is introduced onto the grate. The measured fl y ash at the boiler outlet, 5 -liquid pressure measurement in the system, 6 -heat exchanger, 7 -expansion tank, 8 -pump enforcing the liquid circulation in the system, 9 -shut-off valves, 10 -duct, 11 -valves regulating the liquid fl ow in the system, 12 -valves shutting off the liquid fl ow through the external heat exchanger, 13 -fi lter in front of the pump, 14 -forced draught fan. Measurement apparatus: A -micromanometer and thermocouple, B -aspiration probe, C -heated pipe, D -conditioner, E -gas analyzer Gasmet DX 4000, F -dryer, G -dust concentration meter EMIOTEST 2598, H -pump, I -heat gauge (Table 3) is within the value range given by Chen (2005) . In the examined boiler, the combustion air blow increased the combustion completeness, which was confi rmed with the emission factor for carbon monoxide that was a few times lower (Table 3) . On the other hand, the air blow increases the fl y ash emission. During the research, the C carbon forms in the fl y ash were analysed, which might be helpful to assess the soot emission in the fl y ash. Amorphous EC (contained in the fl y ash) may be the toxic and carcinogenic substance carrier. The OC might be the reason why the secondary air pollutants appeared. Due to the infl uence on the air condition, it is necessary to analyse the C carbon forms in the emitted fl y ash. Table 4 presents the OC and EC percentage in the researched fl y ashes introduced into the air. The data on the industrial boilers come from the measurements taken by the authors in another project. It was discovered that the fl y ash from bituminous coal used in the CH boiler was dominated by EC (72%). OC dominated in the fl y ash from the pulverized coal-fi red boiler and fl uidized bed boiler and collected downstream from the electrostatic precipitator. The soot percentage was approx. 30%. On the other hand, EC dominated in the fl y ash from the mechanical grate collected downstream from the multicyclone (approx. 90.8%). The OC and EC percentage was similar in the fl y ash from pellets made from straw, sunfl ower and miscanthus, coniferous tree bark and barley grains. OC dominated in the fl y ash from the oats grain combustion (over 98%) and coniferous wood pellets (over 79%). The second of the mentioned results is similar to those obtained by Seljeckog (2013) . The quoted Seljeckog presents data on the wood combustion where the OC percentage in the emitted fl y ash is 10 times higher than the EC percentage. The difference may be explained with the combustion conditions observed in the researched CH boiler. The research into the combustion in the discussed domestic CH boiler demonstrated that the combustion was incomplete and poorer than the combustion in the pulverized coal and fl uidized bed boilers. The EC percentage in the emitted fl y ash was 72,1% for the fi rst source, and 30.7-33.2% for the other sources. Large EC percentage in the fl y ash emitted from the examined CH boiler is compliant with the reports on the negative effects of the coal combustion in household furnaces Smith 2007, IARC 2012) . The research results from the oats grain combustion make a separate case. On the other hand, the results for the boiler with a mechanical grate confi rmed the correlation between the EC percentage in the fl y ash and the combustion completeness. It must be emphasized that the emission of the dust containing OC and EC inhibits or prevents the improvement in the air quality condition in the residential emission regions. The dust collection devices, commonly used in the large energy production installations, constitute the real method for reducing the fl y ash emission from the coal furnaces. The agricultural or forest biomass fuel combustion does not cause signifi cant fl y ash emission. Such a situation is usually related to the low ash content in the fuel. The only exception was the tree bark for which the dust emission factor was 5.78 kg/Mg fuel . For the remaining solid biofuels, the emission factor values ranged between 0.31 (oats grain) and 2.71 kg/Mg fuel (straw pellets). The measured emission factor for fl y ash in wood is lower than the value given by Seljeckog (2013) but it concerns coniferous wood with low ash content. The own results are compliant with the ash emission assessment done for the wood combustion by Ehrlich (2007) , Nussbaumer (2008), and Schmidl (2011) .
The sulphur dioxide emission factors determined for the researched boiler were lower than the factors for traditional household furnaces, which resulted from the lower sulphur content in the investigated bituminous coal. On the other hand, the nitrogen oxide factors were three times higher than the factors for household furnaces and comparable with the values determined for boilers with the pulverized coal-fi red furnace or mechanical bed. Such a situation could be explained with higher availability of the air in the investigated boiler. As it is known, the combustion air stream is appropriately dosed in the primary methods for reducing the nitrogen oxide emission from coal furnaces in order to create the reduction conditions in the fi rst phase.
For the researched boiler, the carbon monoxide emission factors were lower by one order of magnitude when compared with household furnaces and higher by one order of magnitude when compared with mechanical grate boilers. This resulted from using the air blow into the combustion chamber when the fuel portion was fed into it, which increased the combustion completeness in comparison with the household furnaces.
The sulphur dioxide emission factors for the solid biomass fuel combustion were between 0.16 (coniferous wood pellets) to 2.49 kg/Mg fuel (barley grain). In other words, they were much lower than the analogous factors obtained for the compared boilers, including CFB boilers with the desulphurization with a dry additive. The situation resulted from the fact that the sulphur content in the researched biofuels was much lower than in bituminous coal.
The nitrogen oxide emission factors for the solid biomass combustion ranged between 0.31 (miscanthus pellets) and 8.33 kg/Mg fuel (coniferous tree bark). The nitrogen oxide emission factor for the coniferous tree bark was higher than for bituminous coal. The situation might be related to the used boiler (spreader stoker). For coniferous wood and sunfl ower hull pellets, the emission factor was lower than for bituminous coal. For the remaining fuels, the values were comparable.
The carbon monoxide emission factors for the solid biomass combustion ranged between 9.64 (oats grain) and 140.88 kg/Mg fuel (coniferous tree bark). The carbon monoxide emission factor for the combustion of sunfl ower hull pellets or coniferous tree bark was much higher than for the remaining biofuels. For the tree bark combustion, it was even higher than the carbon monoxide emission factor for the coal combustion in household furnaces. The fi ndings enable the researchers to state that the emission factors for fl y ash, carbon monoxide, sulphur dioxide and nitrogen oxides that were preliminarily determined for these fuels do not raise any doubts from the environmental point of view. The large-scale utilization of certain solid biomass fuels in the distributed generation systems in the thinly populated areas will not threaten the air purity. When taking into consideration the available forecast on the participation of solid biofuels in the national energy economy, it seems that wood chips and pellets, straw pellets or straw in other forms (Czop and Kajda-Szcześniak 2013) , as well as pellets from energy crops (e.g. miscanthus) may really be widely used. Their technical potential for being fuels is estimated in the following way: waste wood from forests (approx. 200 PJ), untrapped straw (approx. 114 PJ) and energy crops (approx. 130 PJ) (Bartoszewicz-Burczy 2012).
The following mean heating values may be considered: bituminous coal -21.4 MJ/kg; wood pellets -16.7 MJ/kg; straw pellets -14.3 MJ/kg; and miscanthus pellets -12.9 MJ/kg. It may also be assumed that approx. 50% of the estimated technical potential of the above-mentioned biomass could be used for energy needs. Taking these assumptions into account, it would be possible to calculate how much the emissions of sulphur dioxide, carbon dioxide and dust would decrease if the biomass fuels were used in the distributed generation systems instead of bituminous coal.
Annually, the combustion of 6 Tg of coniferous wood pellets would replace approx. 4.7 Tg of bituminous coal. Approx. 4 Tg of the straw pellets and approx. 5 Tg of miscanthus pellets would replace approx. 2.7 Tg and 3 Tg of bituminous coal, respectively. In total, it would give the replacement of 10.4 Tg of bituminous coal. In this way, the emissions of the fl y ash and sulphur dioxide could be reduced by 50 Gg and 90 Gg, respectively. The carbon dioxide emission would be approx. 20 Tg. The last fi gure takes into consideration the unavoidable carbon dioxide emission when biomass is obtained, transported and transformed into the fuel.
Summary and conclusions
The combustion of selected bituminous coal in a domestic CH boiler with a fuel feeder and combustion air blow brings about the fl y ash emission that is not lower than the emission from the traditional coal furnaces. Consequently, it does not prevent the air quality degradation, particularly in the heavily populated regions.
The fl y ash emitted from the domestic CH boiler contains large contents of the C carbon. The TC content in the fl y ash from bituminous coal is approx. 460 mg/g with the dominant EC percentage (72% of the mass). High content of TC occurred also in the fl y ash from the oats grain combustion (approx. 520 mg/g), with the dominant OC percentage (98% of the mass). It was observed that the OC and EC percentage was similar in the fl y ash from pellets made from straw, sunfl ower and miscanthus, coniferous tree bark and barley grains
The combustion of solid fuels from the agricultural and forest biomass (wood pellets; straw pellets or straw in other forms; pellets from energy crops, such as miscanthus) does not raise any doubts from the environmental viewpoint in terms of the emission factors (dust, carbon monoxide, sulphur and nitrogen oxides) established for these fuels. When they are applied on a large scale in the distributed generation systems (in appropriate boilers) in thinly populated areas, they will not pose a threat to the air quality. Optionally, the dust collection devices may be used with higher power boilers. Wood can be burnt in an environmentally safer way when the devices for the preliminary degassing of wood are used and the formed wood gas is burnt. The fi nal assessment of the solid biomass fuel usability requires the research into the contents of organic compounds (including PAHs) in the emitted fl ue gases and fl y ash.
